Habitat fragmentation and overtrapping are thought to have resulted in severe population declines for fisher (Martes pennanti) across the northeastern United States, and by the end of the 1930s only 3 remnant populations remained. Subsequent trapping cessation, extensive reintroduction programs, and natural recolonization have helped fishers to reclaim much of their historical range. The degree to which these processes have impacted genetic structure in this species, however, remains unknown. We used 11 microsatellites from tissue samples (n 5 432) of fishers to characterize contemporary population structure in light of historical population structure and thus to determine the relative influence of anthropogenic disturbances and natural landscape features in shaping genetic structure of the contemporary population. Our results indicated that 3 well-differentiated contemporary populations are present that correspond well with what would be expected based on their reported history. A course barrier to dispersal appears in the western portion of the study area associated with several lakes including Lake George and Great Sacandaga Lake. Large-scale reintroduction efforts and natural recolonizations have largely had predictable impacts on population structure. An important exception is the substantial impact of the reintroduction of fishers to Vermont.
The history of fishers (Martes pennanti) in the northeastern United States is fairly typical of many North American species. Fishers were trapped extensively during the period from the 1800s to the early 1900s, during which time habitat was being lost and fragmented at a rapid rate (Powell 1993; Powell and Zielinski 1994) . Habitat fragmentation and overtrapping are thought to have resulted in severe population declines across the northeast, and by the end of the 1930s, only 3 remnant populations remained. These 3 populations were located in habitat fragments in the White Mountains of New Hampshire, the Moosehead Plateau of Maine and the Adirondack Mountains of New York (Brander and Books 1973; Powell 1993) . Allozyme data indicate that these refugial populations exhibited modest genetic differentiation (Williams et al. 2000) .
Closed trapping seasons and a series of reintroductions carried out between 1959 and 1991 helped to restore fishers to much of their historical range in the northeast (Figure 1) . The reintroduction history of fishers is well documented and includes 124 fishers moved from Maine to Vermont over an 8-year period (1959 -1967 Berg 1982; Brown and Parsons 1983; Trombulak and Royar 2001) , 43 fishers relocated from the Adirondacks to the Catskill region of southern New York between 1976 and 1979 (Brown and Parsons 1983 Wallace and Henry 1985) , and 4 fishers from Vermont, and 30 fishers from New Hampshire relocated to northwestern Connecticut between 1989 and 1991 (Williams et al. 2000) . Natural immigration is thought to have occurred in combination with reintroductions and together have allowed fishers to regain much of their historical distribution in the northeast.
Although the recovery of fishers in the northeastern United States appears to be successful from a demographic perspective, the genetic structure of contemporary fisher populations may have changed considerably. A long and convoluted history of population declines due to habitat fragmentation and overtrapping, reintroductions of unknown success, and natural range expansions may have disrupted historical population structure. However, it is unclear to what degree these processes have impacted fishers.
If human-mediated relocations and disturbances have affected patterns of gene flow in fishers, then the contemporary population structure should deviate considerably from that previously defined (Brander and Books 1973; Powell 1993; Williams et al. 2000) and anthropogenic factors may be paramount in shaping the genetic structure of fishers. Alternatively, if the natural population structure has been maintained even in the face of large-scale movements and disturbances, then contemporary populations may be structured in much the same way as historical populations and natural features of the landscape may drive patterns of gene flow in fishers. Our goal is to characterize contemporary population structure in fishers and determine whether current fisher populations in the northeast exhibit patterns of genetic structure expected based on their reported history. We also characterize the relative influence of natural landscape features and anthropogenic disturbances in shaping genetic structure of fishers in this region.
Materials and Methods
We obtained tissue samples during carcass collections from fishers killed during trapping seasons between 1998 and 2002. Samples were collected and processed with the cooperation of state agencies in New York (n 5 82), Massachusetts (n 5 79), Vermont (n 5 91), and New Hampshire (n 5 59). Samples of fishers from Connecticut (n 5 47) and Rhode Island (n 5 35) were obtained from roadkills, and samples from Maine (n 5 55) were collected by trappers during the annual trapping season. Each sample's collection site was reported as the nearest geographic feature (mountain, lake) or nearest town, which was converted to coordinates in decimal degrees (Figure 1 ). Based on samples of known localities versus reported localities, the maximum error of any reported location is estimated at 8 km.
We extracted DNA using a standard phenol-chloroform procedure (Blin and Stafford 1976) or a modified ammonium acetate protocol (Latch et al. 2006) . Eleven microsatellite loci were chosen for this study from a suite of loci developed and screened in mustelids (RIO04, RIO06, RIO12, and RIO20, Beheler et al. 2004 Beheler et al. , 2005 ; Mvis-002 and Mvis-072, Fleming et al. 1999; Lut-604, Dallas and Piertney 1998; Ma-1 and Ma-19, Davis and Strobeck 1998; Ggu-101 and Ggu-216, Duffy et al. 1998) . Microsatellites were amplified via polymerase chain reaction (PCR) in 10 ll amplification reactions with 5-10 ng genomic DNA, 1-4 pmol forward and reverse primers, 0.2 mM each dNTP, and 0.75 units Taq DNA polymerase (Eppendorf) in 1Â reaction buffer (50 mM KCl, 10 mM Tris-HCl, pH 8.3, 1.5 mM Mg(OAc) 2 ]. Microsatellites were amplified with the following thermocycler conditions: a 2-min initial denaturation step at 95°C, 30 cycles of 30 s at 95°C, 30 s at the annealing temperature (Table 1) , and 30 seconds at 72°C, followed by a final extension for 5 min at 72°C, and 60°C for 45 min. PCR products were stored at 4°C for up to 72 h prior to electrophoresis. Products from amplified loci were combined into 4 gel sets based on size of the PCR product and fluorescent label color (NED, HEX, 6-FAM) with each gel set containing 2-3 loci. Combined PCR products were added to 0.2 ll 400HD ROX internal lane standard and electrophoresed through a 5% polyacrylamide gel on an ABI 377 DNA sequencer. Allele sizes were determined for each locus using GENESCAN 3.1 and GENOTYPER 2.5 software (ABI).
A number of different methods were employed to ensure the quality of the microsatellite genotype data. First, we developed a pooled set of 3-4 known alleles for each locus, spanning the full range of allele sizes. The pooled sets were combined into gel sets as above and incorporated within sample sets as allelic standards in 1 of every 12 lanes on each gel. Genotyping error can occur if allelic categories are not consistently and accurately defined, and the use of allelic standards allowed us to detect and correct for any microvariability within or among gels in the migration of alleles relative to the internal lane standard. Second, a random set of 88 individuals were rescored at all loci to verify genotypes. Genotyping errors were assessed by comparing genotypes from 2 independent estimations of fragment sizes. Third, ambiguous genotypes, those with low signal intensity (,100 as determined by GENOTYPER 2.5 software), were reelectrophoresed or reamplified to confirm the genotype. Fourth, unreliable samples were discarded prior to analysis. Samples were deemed unreliable if they Brander and Books (1973) are represented as polygons and dark outlines. Arrows indicate origin and direction of documented reintroductions in the study area. Specific areas were not used for Vermont as fishers were introduced throughout the state.
successfully amplified at fewer than 25% of the loci, despite multiple amplification and DNA extraction attempts.
Analytical Methods
The number of genetically distinct clusters (subpopulations), K, was inferred from the total data set (n loci 5 11; n samples 5 432) using STRUCTURE 2.2 (Falush et al. 2003) . We ran models in STRUCTURE with a burn-in of 500 000 iterations and run length of 1 000 000 iterations assuming admixture and correlated allele frequencies among clusters. The admixture parameter alpha (a) was allowed to vary and was inferred separately for each population when asymmetric admixture was suspected among genetic clusters. The allele frequency parameter lambda (k) was set by first estimating lambda for the data set using a model without admixture (Pritchard and Wen 2003) , then set to a constant value for all subsequent analyses. The burn-in and run lengths were considered sufficient when model parameters, particularly the admixture parameter (a), achieved ''stability'' at the end of the burn-in period (Pritchard and Wen 2003) . The method of Evanno et al. (2005) was used as the best estimate of the number of genetic clusters (K) in the data set using the ad hoc statistic DK. Populations inferred from STRUCTURE within the total data set were further examined for substructuring using additional runs.
We also assessed population structure using the programs GENELAND version 3.14 and TESS 2.1 (Franc xois et al. 2006) . Both programs use spatial information from samples to estimate the number of clusters. The biggest difference between the 2 programs is GENELAND that can only model population structure without admixture, whereas TESS can model population structure with or without admixture.
In GENELAND, the spatial-D model was used to infer the number of subpopulations (clusters), K. Initial runs allowed K to vary under the following conditions; 50 000 stored iterations of the Markov chain, maximum rate of Poisson process set equal to the number of samples, minimum population number set to 1 and maximum to 8, and the number of nuclei in the Poisson-Voronoi tessellation set at 3 times the sample size . The delta.coord parameter (noise parameter associated with spatial locations) was set to 0.05, which corresponds to ;3.5 km). Longer runs of the Markov chain (200 000 stored iterations) and alternative values for the uncertainty parameter (0 and 0.1, which correspond to 0 and ;7 km) did not significantly impact either the number of populations inferred or the posterior probability of membership for individual samples. Once K was inferred, a final run was completed to establish population boundaries. These boundaries then were correlated with landscape features using geographic maps to identify potential dispersal barriers. Clusters identified in GENELAND were used in all subsequent population analyses, including assignment tests and within population measures of genetic diversity.
We modeled population structure in TESS assuming admixture using 500 000 iterations of the Markov chain and a 50 000 iteration burn-in. The following parameters were varied to find the model with the highest average likelihood over 10 runs; interaction parameter (0.1-0.6), number of assumed populations (2-8), and allele frequency model (1-3) with the remaining parameters set at default values. The model with the highest average likelihood over 10 runs was taken to be the number of clusters in the data. The visual extent of the clusters across the study area is included in the output from TESS.
Frequency-based assignment tests were conducted between each pair of populations using the leave-one-out method in the program GenAlEx 6.2 (Peakall and Smouse 2006) . The exclusion method of Cornuet et al. (1999) was carried out for each population using the program GENECLASS2 (10 000 simulated individuals in each population and a rejection criteria of 0.05; Piry et al. 2004 ). Frantz et al. (2009) found that isolation by distance (IBD) can confound the results from Bayesian clustering algorithms. In addition to employing multiple clustering algorithms to our data set to identify the most parsimonious underlying patterns, we used Mantel tests to identify the presence of IBD across the study area and within each inferred population. For the Mantel tests, pairwise genetic (Nei 1972 ) and geographic distances were calculated among all samples. The correlation between matrices of genetic distance (Nei 1972) and Euclidean distance between all pairs of samples was assessed by permutation in GenAlEx 6.2 (Peakall and Smouse 2006) .
Two geographic barriers inferred from GENELAND were assessed using partial Mantel tests (Smouse et al. 1986) in GenAlEx. The first barrier occurs between the West and Central clusters and consists of Lake Champlain south to Lake George and Great Sacandaga Lake. The second barrier consists of the Connecticut River that separates the east and central clusters. The barrier distance matrix included values of 1 if 2 individuals were found on opposite sites of a putative barrier and 0 if they were on the same side. Significance was assessed using 10 000 permutations of the data in XLSTAT 2009.4.02 (Addinsoft).
We identified putative migrants as those individuals with higher probabilities of membership (from the runs with fixed K) in clusters other than the one in which they were sampled and visualized relative to proposed cluster boundaries from GENELAND. Ongoing gene flow was assessed by estimating migration rates (within last 2 generations) among inferred populations using BayesAss version 1.3 (Wilson and Rannala 2003) .
We calculated observed and expected heterozygosities and mean numbers of alleles in each of the inferred populations using GDA version 1.1 (Lewis and Zaykin 2001) . Allelic richness for each inferred population was calculated in HP-Rare version 1.0 (Kalinowski 2005) . Deviations from Hardy-Weinberg and linkage equilibrium were examined using exact tests in the program GENEPOP version 3.4 (Raymond and Rousset 1995) . Results were adjusted for multiple comparisons using a sequential Bonferroni correction (Rice 1989) . Each inferred population was further examined for deviation from Hardy-Weinberg equilibrium using estimates of F IS calculated in GDA. Genetic differentiation among inferred populations was examined using F-statistics (Weir and Cockerham 1984) in GDA version 1.1 (Lewis and Zaykin 2001) . The significance of all F-statistics was determined by bootstrapping over loci using 1000 replicates.
Results
All 3 Bayesian clustering algorithms yielded concordant results, inferring 3 genetically distinct populations ( Figures  2-4 ). Over repeated runs in STRUCTURE, the highest loglikelihood was found at K 5 4; however, it did not represent a notable improvement over K 5 3 as indicated by the DK statistic. K 5 3 also seemed to better represent the data, as it both clustered samples into more geographically meaningful groups (Figure 2 ) and increased the mean assignment probabilities for all clusters. Both GENELAND and TESS revealed 4 clusters; however, both had a single inferred population with no samples assigned to them. These ''ghost'' populations have been recognized as artifacts of rarely visited states in the Markov chain, and it has been recommended that these be ignored Chen et al. 2007 ).
Based on boundaries identified by GENELAND, clusters were labeled as follows: ''West'' including samples from the Adirondack and Catskill Mountains of New York (n 5 52); ''Central'' including samples from Maine, Vermont, northern New Hampshire, eastern counties in New York (Warren, Washington, and Saratoga), and western and central Massachusetts (n 5 179); and ''East'' with samples from central and southern New Hampshire, eastern Massachusetts, Connecticut, and Rhode Island (n 5 201; Figure 3 ).
Potential dispersal barriers were identified on topographic maps by identifying landscape features in the vicinity of the boundaries identified by GENELAND. In northern New Hampshire, the White Mountains separate the Central from the East cluster (Figure 5a ). In central New England, the Connecticut River appears to be a barrier to dispersal for much of its length between the East and Central clusters (Figure 5b) . In New York, a series of lakes beginning with Lake Champlain and ending near Lake George and the Great Sacandaga Lake demarcate the boundary between the West and Central clusters (Figure 5c ).
All individuals were assigned to their population of origin in the comparison between West and Central clusters, indicating that the barrier to dispersal between these populations is strong. The barrier between Central and East clusters is not quite as strong; 83% of individuals were assigned to the population in which they were sampled. No individuals from the inferred clusters defined by GENE-LAND were excluded from their assigned population using the simulation procedure of Paetkau et al. (2004) , suggesting that source populations for all samples were present in the data set.
Significant correlations between genetic and geographic distances were found in the entire data set and in most inferred clusters (r 5 0.187, P 5 0.001; rEast 5 0.042, P 5 0.17; rCentral 5 0.062, P 5 0.02; rWest 5 0.178, P 5 0.01). The correlation between genetic and geographic distance in the Central-West subpopulations (r 5 0.267, P , 0.0001) decreased significantly once the effect of barrier was removed (r 5 0.079, P , 0.0001), whereas the correlation between genetic distance and the barrier remained high (r 5 0.253, P , 0.0001). In the Central-East comparison, the correlation between genetic and geographic distance was low (r 5 0.037, P , 0.001) and decreased once the effect of the barrier was removed (r 5 0.023, P , 0.019). The correlation between genetic distance and the barrier in the central-east subpopulations was very low once the effect of geographic distance was removed (P 5 0.017, P , 0.097). These results suggest that although IBD is acting to limit gene flow in fishers, barriers to dispersal also are influencing gene flow, particularly between the Central and West subpopulations.
Several loci in the inferred clusters did not conform to expected patterns of Hardy-Weinberg equilibrium (West cluster [Lut-604, Ma-1, RIO12, and Mvis-002], Central cluster [Mvis-002], and East cluster [RIO12, ). Small but significantly positive F IS values (Central 0.045; East 0.049; West 0.096) were observed in the Central and East clusters ( Table 2) that may indicate additional substructuring that went undetected by clustering algorithms. Relatively little difference was observed in mean number of alleles or allelic richness among these 3 populations (Table 2) . All inferred populations were genetically differentiated from one another (East-Central 5 0.049, 95% confidence interval [CI] 0.031-0.069; East-West 5 0.143, 95% CI 0.096-0.200; Central-West 5 0.079, 95% CI 0.064-0.103).
Eight samples were identified as possible migrants based on the population boundaries identified by GENELAND. Migrants had higher posterior probabilities of membership in populations other than those from which they were sampled ( Figure 6) , and all 8 samples were assigned to East population, although they were sampled in Central (n 5 6) or West clusters (n 5 2). The estimates of recent migration rates (last 2 generations) from BayesAss indicated that recent migration rates were generally low (0.0032-0.0751) and that the populations are composed primarily of nonimmigrants individuals (Table 3 ).
Discussion
Habitat fragmentation and overtrapping of fishers over a century ago have left lasting impacts on the genetic structure of fisher populations. Large-scale reintroduction efforts and natural recolonizations have been important for the overall demographic recovery of the species and have left distinct genetic signatures that are detectable even today. However, gene flow across northeastern North America remains primarily influenced by natural features of the landscape rather than anthropogenic activities.
Today, the overall structure of fisher populations corresponds well with what would be expected based on their reported history. Fishers are currently structured into 3 subpopulations that largely correspond to the 3 refugial populations identified in remnant habitat fragments at the end of the 1930s; namely, the Adirondacks of New York, the White Mountains of New Hampshire, and the Moosehead Plateau of Maine (Brander and Books 1973; Williams et al. 2000) .
Our results are similar to those of Williams et al. (2000) , who found significant differences in allele frequencies among (Lewis and Zaykin 2001) . Allelic richness (A r ) was calculated using the rarefaction method in HP-Rare version 1.0 (Kalinowski 2005) . Estimates of F IS for each population were calculated in GDA version 1.1 (Lewis and Zaykin 2001) . Values significantly different from zero for F IS are indicated by an asterisk (a 5 0.05). these same 3 refugial populations. By including more highly variable markers and more samples from a wider geographic extent, we were able to determine that these refugial populations are not only genetically distinct at their cores but retain distinctiveness even where the subpopulations meet. We were also able to delineate the boundaries of these refugial populations and investigate the genetic influences of more contemporary anthropogenic disturbances.
A deficiency of heterozygotes within the inferred subpopulations indicates that additional substructure may be present. This is perhaps not surprising, given that reintroductions have occurred within some of the inferred subpopulations and thus allele frequencies may not have yet reached equilibrium. This is further supported by our clustering results, where each genetic cluster contained fishers from both reintroduced populations and their . Lighter shading indicates higher probability of cluster membership. Geographic coordinates were used to determine the geographic extent of each cluster and to correlate discontinuities with landscape features (on right). Star symbol on Tessellation maps (a, b, left side) indicates location of Connecticut River.
sources. For example, fishers from Vermont and Maine were grouped into a single subpopulation (Central), a pattern that likely reflects the reintroduction of fishers from Maine to Vermont between 1959 and 1967. Natural recolonizations have likely had a similar effect on allele frequencies as newly colonized or recently expanded populations may not have reached equilibrium. However, our analyses focused on the broad-scale patterns of genetic structure and thus were able to identify discrete subpopulations across the region.
Barriers to gene flow for fishers exist in the northeast, which might be surprising given the high dispersal potential of fishers in this region (Roy 1991; York 1996) . All clustering methods yielded highly concordant results, despite differences in the way each method considers admixture. Methods that considered admixture indicated that the level of admixture among the inferred subpopulations was very low, and migration rates were similarly low. We found very few migrants into neighboring populations, and migrants and individuals of mixed ancestry were not concentrated in the vicinity of a barrier.
The barriers identified in our study correspond to distinct features of the landscape that are impacting fisher movements. The boundary between the West and Central populations extends from Lake Champlain south through Warren County to Great Sacandaga Lake and Lake George (Figure 3c ) and was well supported by our data. All individuals in these 2 subpopulations were correctly assigned, no migrants were detected in our sample, and our estimate of migration rate was very low. Partial Mantel tests provided additional support for the inferred barrier, suggesting that the barrier was a far better predictor of genetic variation than geographic distance. The location of this barrier is also consistent with a break in mitochondrial DNA identified previously (Hapeman 2006) . The presence of these lakes may be acting to slow the mixing of the West and Central populations by funneling fisher dispersal through a narrow corridor between Lake George and Great Sacandaga Lake. Within this narrow east-west corridor, there is a large highway (I-87) and a river (Stony Creek) that run north-south and may be further restricting fisher dispersal.
Between the Central and East subpopulations, geographic distance appears to be the major factor driving genetic differentiation. The correlation between genetic and geographic distance remained significant even after the effect of an inferred barrier was removed. In cases where IBD is the primary factor driving allele frequency distributions across the landscape, it can be difficult to detect barriers to dispersal that might be acting as secondary factors limiting dispersal (Frantz et al. 2009 ). However, the congruence of our clustering algorithms suggested the presence of a barrier between the Central and East subpopulations. The break in allele frequencies between these 2 subpopulations corresponds to the location of the Connecticut River. Previous work has shown that large rivers are substantial barriers to the movements of fishers (Coulter 1966; Kelly 1977; Wisely et al. 2004) , and the land adjacent to the Connecticut River contains many farms and nonforested areas, which may be further restricting dispersal as fishers avoid open spaces in favor of forested habitat with extensive canopy cover (Coulter 1966; Kelly 1977; Powell 1993; Raine 1983; Arthur et al. 1989 ). However, our data indicate that the Connecticut River is likely a very weak barrier to fisher gene flow. Genetic differentiation between the Central and East subpopulations was lower than that between other subpopulation pairs, the number of misassignments was higher, migration rates were higher, and the Table 3 Migration rates among 3 inferred clusters from GENELAND version 1.05 number of immigrants detected was higher. Additionally, partial Mantel tests showed a very weak correlation between genetic distance and barriers once the effect of geographic distance was removed. The boundary between the Central and East subpopulations becomes even less clear north of the White Mountains. Although it is possible that the White Mountains are a barrier to fisher dispersal, a large number of migrants identified north of the White Mountains suggest the exact mechanisms influencing fisher dispersal in this region may be more complex. One alternative is that the Connecticut River, which is much smaller to the north than it is to the south of the mountains, is an even less restrictive barrier to fisher dispersal north of the White Mountains. A second possibility is that fishers from northern New Hampshire represent an unsampled subpopulation to the north. Carr et al. (2007) found that fishers sampled in lower Ontario originated from northern New York, and it is possible that our northern New Hampshire samples are difficult to assign because they are connected to populations outside the study area. This seems unlikely given the fact that none of the individuals were excluded from the sampled populations; however, additional sampling at a broader scale would permit more detailed investigation of putative barriers in this region.
Genetic signatures from reintroductions are evident throughout the region. Reintroductions were undertaken from Maine to Vermont, from the Adirondacks to the Catskills in New York, and from New Hampshire to Connecticut. In all 3 cases, the source and reintroduced populations were characterized as belonging to the same genetic subpopulation. For example, fishers from Vermont are genetically very similar to those from their source population in Maine. It appears that Vermont fishers moved south and recolonized western Massachusetts where they contact fishers associated with the East subpopulation in western Connecticut. These western Connecticut fishers are in turn most related to their source population in New Hampshire. Reintroductions have left identifiable signatures in a number of other species (Leberg and Ellsworth 1999; Larson et al. 2002; DeYoung et al. 2003; Latch and Rhodes 2005; Williams and Scribner 2010) , and it is clear that they have contributed to the patterns of genetic structure in contemporary fisher populations.
Our data show that the population structure of fishers at the end of the 1930s, when overhunting and habitat loss had reduced fisher populations to their lowest point, has been maintained in contemporary fisher populations. Extensive reintroductions undertaken to facilitate demographic recovery of the species have left distinct genetic signatures on the region, most notably the reintroduction of fishers to Vermont. However, because most reintroductions used source populations from nearby locations, the overall pattern of genetic structure in the region has remained largely unchanged. Our data indicate that gene flow among contemporary fisher subpopulations is maintained by a combination of natural landscape features, and it appears that hydrologic features may be primarily responsible for limiting gene flow in fishers. These findings show that both population history and contemporary barriers to gene flow are working in concert to shape the evolutionary trajectory of populations.
